Three field experiments were carried out to assess the level of resistance of several cultivars to early blight (EB) and to examine the association between host resistance and either foliage maturity or tuber skin types. A total of 26 cultivars were used in Exps. 1 and 2, and 24 in Exp. 3. Plants were inoculated with isolates of Alternaria grandis at 31 days after planting. EB severity was quantified in each plot every seven days. The approach to determine the resistance levels of potato cultivars was based on multivariate analysis techniques. The tested cultivars responded as either resistant, moderately resistant, moderately susceptible or susceptible to EB. Most of the cultivars were classified as susceptible or moderately susceptible to EB. Resistant cultivars were mid-season, mid-late or late maturity. None of the susceptible cultivars were later maturity (mid-late or late maturity). In most cases, susceptible cultivars were earlier maturity (early or mid-early maturity). Most resistant cultivars had rough, mid-rough or smooth skin. None of the susceptible cultivars had rough skin. In most cases, susceptible or moderately susceptible cultivars had smooth skin. Obtaining potato cultivars that are resistant to this destructive disease will help reduce production costs and the need for costly fungicides.
INTRODUCTION
Potato (Solanum tuberosum L.) is cultivated in more than 100 countries and ranks fourth among the food crops produced worldwide. In 2012, global and Brazilian potato production was estimated at 364 and 3.7 million tons, respectively (FAO, 2014) . In Brazil and other countries, potato yield is often limited by diseases. Early blight (EB) is considered one of the most important diseases of potato, especially during the rainy season (Reifschneider et al., 1984; Guenthner et al., 1999; Shuman & Christ, 2005) .
Based on morphological studies, Simmons (2000) reported that Alternaria tomatophila Simmons and A. solani Sorauer were the causal agents of EB in tomato and potato, respectively. However, Rodrigues et al. (2010) found that A. grandis Simmons and A. tomatophila, but not A. solani , were the causal agents of EB affecting potato and tomato plants, respectively, in several growing regions in Brazil. Based on our observations, EB symptoms caused by A. grandis are very similar to those caused by A. solani observed in others countries.
EB symptoms on leaves, stems and tubers are dark, elongated or circular necrotic lesions with concentric rings (Jones, 1991; Rotem, 1994) that are especially visible at advanced stages of maturity (Johnson & Teng, 1990; Dita Rodriguez et al., 2006) . Plant defoliation may occur due to severe EB, leading to a reduction in both yield and quality of tubers (Castro et al., 2000) .
Potato EB epidemics may occur during the entire year in Brazil (Batista et al., 2006) . Considering the short life cycle of the pathogen, several reproductive cycles may be completed during the growing season (Rotem, 1994) . Most of the cultivars available to growers are susceptible to EB, and disease control is very difficult to achieve when both temperature and relative humidity are high (Adams & Stevenson, 1990) . Therefore, fungicide sprays have become the best control strategy for minimizing yield losses caused by EB. However, these sprays increase production costs, are harmful to the environment and can select for fungicide-resistant isolates of the pathogen.
Other EB control strategies must be developed for use in an integrated disease management program. The use of resistant cultivars appears to be the most adequate strategy for controlling EB, especially when combined with fungicide spray. In Brazil, potato breeders look for foliage maturity and tuber skin types in addition to yield potential, agronomic traits, physical characteristics and culinary attractiveness before releasing a potato cultivar to growers.
Potato resistance to EB appears to be associated with cultivar maturity, with the late-maturing cultivars tending to be more resistant than early-maturing cultivars (Douglas et al., 1972; Mendoza et al., 1986; Herriott et al., 1990; Pelletier & Fry 1990; Zhang, 2004; Dita-Rodríguez et al., 2006) . However, because EB occurs most often during senescence of the host tissues, some cultivars may appear resistant simply because they are late maturing (Herriott et al., 1990) . Zhang (2004) evaluated the genetics of partial resistance to EB in potato and observed that quantitative trait loci for disease resistance had pleiotropic effects on foliage maturity or were closely linked to genes involved in foliage maturity. Zhang (2004) also reported that some early or mid-season maturing clones of potato showed a high level of resistance to EB.
Since the major potato cultivars available to Brazilian growers are still unclassified in terms of their resistance to EB, the objectives of the study were (i) to assess the level of resistance of these cultivars to this important disease by evaluating several epidemiological variables using multivariate analysis techniques and (ii) to determine the association between host resistance and either foliage maturity or tuber skin types.
MATERIAL AND METHODS

General aspects of the field experiments
Three field experiments were carried out under different environmental conditions to study the resistance of potato cultivars to foliar EB. The experiments were performed in a randomized complete block design with three replications, and each treatment corresponded to one cultivar. Each plot consisted of two rows measuring 3.0 m × 0.8 m, with each cultivar having 15 stems/m² and spaced 1.6 m apart. Plots were fertilized according to chemical soil analyses and sprinkle irrigated as needed to enhance EB development. Exp. 1 was carried out from June 13 to September 8, 2009 in an experimental field at the Universidade Federal de Viçosa (20º44'44" S, 42º50'59" W, 661 m above sea level). Twenty-six potato cultivars of different origins, foliage maturities and skin types were used (Table 1) . This experiment was repeated (Exp. 2) from April 14 to July 17, 2010 using the same 26 potato cultivars. An additional experiment (Exp. 3) was carried out at the same location from April 14 to July 17, 2010 to assess the EB resistance of another 24 potato cultivars of different origins, foliage maturities and skin types (Table 2) average and minimum temperature) were obtained from a meteorological station located in the experimental area.
Inoculation and assessment of EB severity
Potato plants in each plot were artificially inoculated with a mixture of eight isolates of A. grandis collected from different potato growing regions in Minas Gerais state (200 mL of a conidial suspension containing 10 3 conidia/mL) at 31 days after planting. After inoculation, dimetomorph was applied as needed to control late blight using a backpack sprayer (conical tip with a pressure of 2.1 × 10 5 Pa at a rate of 600 L/ha). The severity of EB on all leaves of five plants per plot was quantified every seven days, beginning at inoculation, using a standard area diagram as described by Duarte et al. (2013) . EB progress curves from cultivars exhibiting the same level of resistance were grouped to generate a unique progress curve for resistant, moderately resistant, moderately susceptible and susceptible groups.
Data analysis
Experiment 1
EB severity data from each cultivar were used to obtain four epidemiological variables. The first variable was severity in the middle of the epidemic (Y 50 ). The duration of an epidemic was defined as time from the onset of the first EB symptoms until all plants reached 100% severity (totally burned leaves). The second variable was the area under the disease progress curve (AUDPC) as described by Shaner & Finney (1977) . The AUDPC was divided by duration of the epidemic in days and multiplied by 100 to obtain relative area under the disease progress curve (RAUDPC), as proposed by Fry (1978) . The third variable was time (in days) from the onset of the first EB symptoms until severity reached 0.5% (T 0.5 ). For any given each cultivar, T 0.5 was obtained from the onset of the first EB symptoms among all tested cultivars until the cultivar in question reached 0.5% severity. Finally, the fourth variable was the rate of disease progress (r). Using the disease severity progress data, the exponential, monomolecular, Gompertz and logistic models were fitted with non-linear regressions based on Madden et al. (2007) . The model with the lowest residual mean square, independence and homogeneity of errors as well as the highest coefficient of determination was selected as the best model.
Means of the four epidemiological variables, averaged from the three replications, were used in cluster, discriminant and principal component analyses to group the cultivars into resistance classes.
For cluster analysis, four epidemiological variables were used simultaneously to determine the level of resistance of each cultivar. The standardized Euclidean distance was used as a measure of dissimilarity, and the following agglomerative hierarchic techniques were utilized: single linkage, complete linkage, average linkage, centroid and The foliage maturity type was based on the number of days from planting until maturity. Early ≤ 90 days; mid-early = 91-100 days; mid-season = 101-110 days; mid-late = 111-120 days; late ≥ 121 days.
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ward (Johnson & Wichern, 2007) . The agglomerative hierarchic technique that best fit the data was chosen through visual analysis of the grouping pattern. To obtain the dendrogram, four groups were defined based on the level of resistance; these included resistant, moderately resistant, moderately susceptible and susceptible. Discriminant analysis was used to confirm the quality of the groupings formed using the agglomerative hierarchic technique to increase the reliability of the groupings. Principal component analysis (PCA) was performed using data from a correlation matrix, and the estimated eigenvectors and eigenvalues were obtained for each principal component (PC). The scores from each of the 26 potato cultivars were estimated through eigenvectors for PCs presenting eigenvalues greater than the overall mean, according to the method of Kaiser (1958) . Based on the results from Exp. 1, a method based on four epidemiological variables was used to determine the level of resistance of the potato cultivars used in Exps. 2 and 3. The PC1 scores were obtained from PCA. To ensure that the scores had the same sign (standardized value), the PC1 scores of each cultivar were added to the value with the opposite sign from the PC1 score of the most resistant cultivar. Therefore, the cultivars with the lowest (zero) and absolute highest standardized values were considered to be resistant and susceptible standards, respectively. After standardization, the response of each cultivar relative to its standardized value was obtained by dividing the standardized value of that cultivar by the standardized value for the most susceptible cultivar and multiplying by 100. After obtaining the percentage values, a value range for each resistance level was determined.
Experiments 2 and 3
The PC1 scores from Exps. 2 and 3 were obtained based on the same epidemiological variables used to determine the EB resistance levels of the potato cultivars in Exp. 1. The standardized value of each cultivar was obtained based on cv. Catucha (resistant standard), and the percentage corresponding to the standardized value of each cultivar was obtained by comparing to the susceptible standard (cv. Elodie) as defined in Exp. 1. According to the values obtained, each cultivar was classified according to its EB resistance level based on the value range defined in Exp. 1. Next, the averages of the epidemiological variables of the cultivars were obtained within each resistance level.
Determination of the relationship between EB resistance of potato cultivars, their foliage maturity and tuber skin types
The EB resistance of the tested cultivars in the three different experiments based on their foliage maturity and tuber skin types was determined by graphical analysis and the chi-square test of independence (P = 0.05).
Statistical analyses were carried out with SAS version 9.1 (SAS Institute) and MINITAB version 14.
RESULTS
Meteorological data
For Exp. 1 the temperature ranged from 8.7 to 31.5ºC, with an average of 18.2ºC. Average relative humidity was 77.4%, and the total rainfall was 33.4 mm ( Figure 1A ). For Exps. 2 and 3 the temperature ranged from 4.9 to 29.2ºC, with an average of 16.2ºC. Average relative humidity was 87.2%, and the total rainfall was 23.7 mm ( Figure 1B) . The relative humidity ranged from 26 to 100% for Exp. 1 and from 36 to 100% for Exps. 2 and 3 (data not shown).
Progress of EB
Symptoms of EB were first noticed at 38 days after planting (dap) (first assessment) regardless of the experiment. At 87, 94 and 94 dap, cv. Catucha showed 100% EB severity in Exps. 1, 2 and 3, respectively. The epidemic duration (time from the onset of the first EB symptoms until all plants reached 100% severity) was 50, 57 and 57 days, respectively, for Exps. 1, 2 and 3. The non-linear regression logistic model best fit the EB severity data for all cultivars regardless of the experiment.
Levels of EB resistance among the potato cultivars
Experiment 1
Based on the standardized Euclidean distance and the complete linkage method, the cultivars were grouped into four EB resistance levels with 100% hit rate. The percentages of resistant, moderately resistant, moderately susceptible and susceptible cultivars were 15.4, 7.7, 34.6 and 42.3%, respectively. Cultivars Ibituaçu, Catucha, BRS Ana and Aracy were classified as resistant; Colorado and Baraka cvs. were classified as moderately resistant; Asterix, Atlantic, Caesar, Chipie, Florice, Markies, Monalisa, Naturella and Soléia were classified as moderately susceptible; and Ágata, Baronesa, Cupido, Éden, Elodie, Emeraude, Eole, Fontane, Gourmandine, Melody and Opaline were classified as susceptible (Figure 2 ). The foliar early blight progression curves related to each resistance level are represented in Figure 3A . The average of the eigenvalues obtained from all PCs was 1.0. Therefore, only PC1 was interpreted because it was the only one that presented an eigenvalue higher than the average. PC1 explained 83.0% of the total data variation. As the resistance to EB increased, the T 0.5 values tended to increase (Table 3) . Values for Y 50 , RAUDPC and r tended to decrease as the level of EB resistance increased. A ranking for the response of the cultivars to EB was obtained based on the PC1 score estimations for the four epidemiological variables and on the percentage corresponding to the standardized value for each cultivar. The level of EB resistance in each cultivar decreased as the percentage values increased (Table 4) . Cultivars Catucha and Elodie were considered to be the resistant and susceptible standards, respectively (Table 4) . Based on the data from the four epidemiological variables , and T máx. T méd. T. mín. (Table 4) .
Experiments 2 and 3
Regardless of the experiment, the average of the eigenvalues obtained from all PCs was 1.0; therefore, only PC1 was interpreted because it was the only one that presented an eigenvalue higher than the average. For Exps. 2 and 3, PC1 explained 84.4 and 82.8% of the total data variation, respectively. The PC scores were obtained with data from the four epidemiological variables for each cultivar. moderately susceptible and susceptible were 15.4, 30.8, 30.8 and 23.0%, respectively. The foliar early blight progression curves related to each resistance level are represented in Figure 3B . For Exp. 3, Aracy Ruiva, Catucha and Itararé were classified as resistant; Amorosa, Annabelle, Armada, BRS Eliza, Fabula, IPR Cris, Maranca and Mozart were classified as moderately resistant; Innovator, Madeleine, Matador, Rodeo, Sinora and Victoria were classified as moderately susceptible; and Ambra, Canelle, Elodie, Gredine, Marlen, Vivaldi and Voyager cultivars were classified as susceptible (Table 5 ). The percentages of resistant, moderately resistant, moderately susceptible and susceptible cultivars were 12.5, 33.3, 25.0 and 29.2%, respectively. The foliar early blight progression curves related to each resistance level are represented in Figure 3C . Regardless of the experiment, the resistance of a certain cultivar decreased as the percentage of the standardized values increased (Table 5) . With PC1 score estimations of all four epidemiological variables and the percentage of the standardized value of each cultivar, a ranking of the cultivars was obtained, which allowed for the identification of cultivars that were more resistant or more susceptible to EB.
Relationship between EB resistance of the potato cultivars and their foliage maturity type
The EB-resistant cultivars were mid-season, midlate or late maturity (Figure 4) . None of the EB-susceptible cultivars were later maturity (mid-late or late maturity). In most cases, the cultivars that were susceptible to EB were earlier maturity (early or mid-early maturity). The relationship between the level of resistance to EB and the foliage maturity type was confirmed by the chi-square test of independence (P < 0.001).
Relationship between EB resistance of the potato cultivars and their skin type The cultivars that were most resistant to EB had rough, mid-rough or smooth skin. None of the EB-susceptible cultivars had rough skin ( Figure 5) . In most cases, the cultivars that were susceptible or moderately susceptible to EB had smooth skin. The relationship between the level of EB resistance and the skin type was confirmed by the chisquare test of independence (P = 0.012).
DISCUSSION
To the best of our knowledge, the current study presents the first data on the level of resistance among several potato cultivars to EB under different weather conditions in Brazil. Furthermore, a novel approach to classify the resistance of potato cultivars to EB was based on a standardized method, which offered the following advantages: (a) it allows for the classification of cultivars or genotypes according to their EB resistance via comparisons with known cultivars (a resistant and a susceptible standard); (b) the use of multivariate analysis techniques avoids overlapping classifications that often result from standard multiple comparisons tests and that make it difficult to separate cultivars or genotypes according to their levels of EB resistance; (c) the PCA technique is useful for determining the resistance levels and ranking the cultivars based on their level of resistance or susceptibility to EB; and (d) a more comprehensive and simplified interpretation of the EB resistance of potato cultivars is achieved through the simultaneous analysis of four important epidemiological variables with multivariate techniques.
Previous field evaluations of EB resistance of potato cultivars have used only one or a few epidemiological variables, such as disease severity at any given time during the epidemic (Brune & Reifschneider, 1989; Brune et al., 1990; Christ, 1991; Reifschneider & Brune, 1992; Brune et al., 1994) , the AUDPC (Christ, 1991; Dita-Rodríguez et al., 2006; Simon et al., 2009 ) and r (Holley et al., 1983) . Nazareno et al. (1999) suggested that caution must be taken if only one epidemiological variable is used during disease assessment. For example, the exclusive use of the AUDPC or r may cause problems with data interpretation. Progress curves resulting in the same values for AUDPC may be accompanied by differences in the initial time of occurrence of the epidemic, the final disease severity and the r values. Moreover, similar r values may be accompanied by differences in the AUDPC. Christ (1991) ranked potato cultivars based on their EB resistance with separate analyses of single epidemiological variables: disease severity at a given time during the epidemic and AUDPC. Different rankings of EB resistance for the potato cultivars tested resulted from these separate analyses of the two epidemiological variables.
For the standardized method developed in the present study to classify the potato cultivars resistance to EB, the cvs. Catucha and Elodie were used as the resistant and the susceptible standards, respectively. Future studies aiming to determine the level of resistance of other cultivars to EB at different locations in Brazil should include cvs. Catucha and Elodie. After obtaining the percentages of standardized values for the tested cultivars in relation to the standardized value for cv. Elodie, it is necessary to Frequency (number of cultivars) verify the range for each EB resistance level for the tested cultivars. One example can be obtaind in the Exp. 3, for which the cultivars used were different from those used in Exps. 1 and 2, without excluding the cvs. Catucha and Elodie, ensuring that the standard classification of the cultivars was based on their levels of resistance to EB. To determine the level of cultivar resistance to EB in other countries, it is recommended that the procedures used in the present study should be followed to determine specific resistant and susceptible standards.
In potato, EB resistance trait exhibits quantitative inheritance (Herriott et al., 1990; Christ & Haynes, 2001) , Therefore, potato genotypes with race-specific resistance to EB are difficult to obtain (Zachmann, 1982) . In the present study, none of the tested cultivar showed vertical resistance to EB. EB occurred due to favorable weather conditions and the availability of pathogen inoculum, and the severity of the disease was dependent on the resistance level of each cultivar. Considering that the resistance level of potato cultivars is quite variable under field conditions (Douglas & Pavek, 1972) , it is meaningful to define intermediate levels of resistance. Therefore, categories such as "moderately resistant" and "moderately susceptible" prove to be very useful in practice if the simple dichotomy of resistant and susceptible is not sufficient. The potato cultivars showed quantitative resistance to EB because disease progress was reduced over time based on the r values.
The relationship between EB progress and plant maturity is a very well documented phenomenon. In general, earlier cultivars are more susceptible to EB, whereas later cultivars are more resistant (Harrison et al., 1965; Douglas & Pavek, 1972; Rich, 1983; Brune et al., 1990; Herriott et al., 1990; Christ, 1991; Zhang, 2004) , and this was confirmed in the present study. Of the five cultivars classified as resistant to EB, only cv. Catucha was not midlate or late maturing. This cultivar was considered to be the resistant standard and exhibited mid-season maturity. These findings show that the later-maturing cultivars are not necessarily more resistant to EB compared to the cultivars exhibiting mid-season maturity, which is in agreement with the results obtained by Christ (1991) . The cv. Elodie, considered the susceptible standard, exhibited a mid-early maturity. Earlier maturing potato genotypes with field resistance to EB have been identified (Herriott et al., 1990; Reifschneider& Brune 1992; Boiteux et al., 1995; Simon et al., 2009 ). The identification of such cultivars is important because breeding programs aim to obtain earlier maturity cultivars with higher levels of resistance to EB (Brune & Reifschneider, 1989; Brune et al., 1990; Reifschneider & Brune, 1992; Brune et al., 1994) .
Another feature associated with potato resistance to EB is plant age, and younger plants are usually more resistant than older plants (Johnson & Theng, 1990; DitaRodríguez et al., 2006) . It is known that potato susceptibility to EB gradually increases from the initiation of tuberization (Bussey & Stevenson, 1991; Pscheidt & Stevenson, 1988) .
The same cultivars and pathogen isolates were used in Exps. 1 and 2. Some cultivars exhibited higher levels of resistance to EB in Exp. 2 than in Exp. 1, mainly because of the favorable environmental conditions for EB progress in Exp. 1, which contributed to a shortened epidemic and higher r values. According to Van der Plank (1963) , the level of resistance of a certain potato cultivar to foliar diseases is directly related to the environmental conditions, which is one of the major characteristics of quantitative resistance in a hostpathogen interaction.
In general, the skin of the most susceptible (i.e., susceptible and moderately susceptible) cultivars was smoother than skin of most resitant cultivars (i.e., moderately resistant and resistant). For example, cvs. Ágata and Cupido are widely cultivated due to their attractiveness to consumers, although they are classified as susceptible to EB. It is more plausible that the cultivars were selected in environments where EB was not important, or that during the selection of potato cultivars with desirable characteristics such as high yield, clear and smooth skin and shallow eyes, the genes involved in potato resistance to EB were lost. The skin type of the potato tuber is of extreme importance for in natura consumption because smooth-skinned tubers are preferred in the markets. However, tubers with rougher skins would be suitable for industrial processing.
Most of the cultivars assessed in the present study and that showed to be more resistant to EB (R and MR) are considered old cultivars, but for some reasons (longcycle maturity, low yield, skin type and inadequate tuber shape for trade and lack of potato tubers in the market) are no longer cultivated or have no potential to be used by the farmers. In this case, even though these cultivars do not have any commercial use, they can be a good source of genetic resistance against EB. Growers can choose comercial cultivars with greater resistance levels to EB to reduce the production costs, enhancing competitiveness at the markets and enabling the entire potato production chain to become more sustainable.
